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Abstract 13 
Semiconducting nanowires (NWs) offer exciting prospects for a wide range of technological 14 
applications. The translation of NW science into technology requires reliable high-quality large volume 15 
production. This study provides an in-depth investigation of the parameters using an atomic layer 16 
deposition (ALD) system to grow zinc oxide (ZnO) seed layers followed by the chemical bath deposition 17 
of ZnO nanowires (NWs) to demonstrate the low-cost production of uniform single crystal wurtzite 18 
2 
 
phase ZnO NWs that is scalable to large area substrates. The seed layer texture and the morphology 1 
of the NWs grown were systematically investigated using atomic force microscopy (AFM) as a function 2 
of the seed layer deposition parameters. It is shown that the NWs growth orientation can be 3 
controlled by tuning the seed layer deposition parameters while maintaining the same chemical bath 4 
deposition conditions.  Likewise, the diameters and the surface densities of the NWs varied from 23 5 
to 56 nm and 40 to 327 NWs/µm2, respectively. Significantly, the relationship between the seed layer 6 
structure and the NW density indicates a clear correlation between the density of seed layer surface 7 
features and the resulting surface NW density of nanowires grown.  8 
 9 
Keywords: nanowire, zinc oxide, atomic layer deposition, seed layer, topography, roughness, seed 10 
density 11 
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Introduction 13 
One-dimensional (1D) oxide semiconductors offer a wide range of opportunities that are 14 
fundamental to the development of novel and current electronic devices and functionalities1. Among 15 
these, zinc oxide2 (ZnO) is one of the archetypal materials due to its physical and electronic properties3 16 
and the different 1D nanostructures4-5 in which it has been synthesized such as nanotubes,6-7 17 
nanobelts,8 nanoplatelets9 and nanowires10-12 (NWs). NWs are often most interesting due to their high 18 
aspect ratio and electronic properties.13  ZnO NWs have been considered for a wide variety of 19 
applications, including water purification treatment,14-15 gas sensors,16-18 photovoltaic solar cells19-20 20 
and photocatalysis.21-23 These applications have a variety of specific structural and functional 21 
requirements which typically include uniformity in the length and diameter of the NWs, vertical 22 
orientation from a substrate and often specific electronic functionality that is associated with single 23 
crystal structure. For technological applications, these constraints must be controlled to produce large 24 
quantities of high-quality arrays of uniform NWs with the desired dimensions and functional 25 
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characteristics at reasonable production costs and throughput. NWs can be obtained via gas phase 1 
and solution-based processes. Gas phase techniques, such as chemical vapour deposition24 (CVD) or 2 
molecular beam epitaxy25 (MBE) are characterized by the use of high temperatures, high or ultra-high 3 
vacuum and lithographically patterned catalysts to grow uniform arrays of single crystal vertical 4 
nanowires on suitable substrates. The throughput, cost and scalability of these techniques are 5 
challenging for industrial scale applications since they require significant costs in terms of growth 6 
facilities, production time and energy. In contrast, liquid phase growth2 methods are potentially 7 
cheaper and easier to scale up. The core challenge with these methods is to control the growth 8 
processes to produce high quality homogeneous arrays of NWs. ZnO NWs are commonly grown in 9 
liquid phase by chemical bath deposition26-27 (CBD), which is a method commonly used to deposit thin 10 
films and nanomaterials and is characterized for being a simple, cheap and reproducible process. In 11 
the particular case of ZnO NWs CBD, a ZnO seed layer is required, low temperatures (around 90°C) 12 
and atmospheric pressure are used and it can yield high quality single crystal NWs. 10, 28-30 Extensive 13 
studies on the effect of different CBD conditions have been already discussed in the literature.9, 19, 31 14 
Significantly, the orientation of the as-grown NWs with respect to the growth substrate and, to a 15 
certain extent, their size, are dependent on the structural properties of the seed layer. However, 16 
understanding the role of this important component of the production process has received little 17 
systematic research. 18 
 19 
The deposition of a ZnO seed layer requires a technique that allows the deposition of high quality 20 
textured films with tuneable properties to be deposited in a short amount of time, making this process 21 
suitable for low-cost high throughput growth of the NWs. To achieve this, there are various methods 22 
such as a sputtering,30 spin-coating32 or atomic layer deposition33-35 (ALD). ALD is a deposition 23 
technique based on the self-limiting chemical reactions36 of an organometallic precursor (e.g. 24 
diethylzinc, for ZnO) and a co-reactant (typically water for oxides) that are introduced in a reaction 25 
chamber by a sequential series pulses and purges of the precursors. A single ALD cycle consists of one 26 
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set of pulses and purges of the precursors that ideally yields a single atomic layer of the desired 1 
material. ALD is traditionally used to deposit a wide variety of thin films such as oxides, alumina being 2 
one of the most prominent,37 nitrides,38 or metals39. The high degree of control that ALD offers can be 3 
exploited to control the key properties of a seed layer for the subsequent NW growth by tuning the 4 
crystal orientation, crystallite size and texture. Control of these properties is crucial to provide the 5 
tunability of the dimensions, surface orientation and surface density of the as-grown NWs. This is 6 
achievable by controlling some key deposition parameters, namely the pulse and purge times, the 7 
deposition temperature and the number of cycles of seed layer deposition. Depending on the values 8 
selected for these parameters, the seed layer deposition will be driven by either chemisorption, 9 
physisorption or an intermediate adsorption, thus leading to depositions within the ALD or CVD 10 
related regimes. To date, the research focusing on the influence of the seed layers on the growth of 11 
the NWs is scarce. Reports from Song40, Liu41 and Chen42 discuss this influence for seed layers 12 
deposited using DC sputtering, while the work of Bielinski35 and Szabó43 explores ALD deposited seed 13 
layers. However, investigations on the combined influences of the different ALD deposition 14 
parameters are yet to be made. Furthermore, most of these works put little emphasis on the seed 15 
layer microstructure obtained through AFM, which provides an excellent source of information 16 
regarding the growth characteristics of the NWs. 17 
 18 
This work systematically demonstrates the influence of the different seed layer deposition 19 
parameters using an ALD system on the texture and seed density and their influence on the NW 20 
growth. An in-depth study of the structural properties of the seed layers was carried out by selecting 21 
key seed layer deposition parameters. ZnO NWs were grown by solution-based chemical synthesis 22 
from the seed layers, a process compatible with large area growth of interest for industrial 23 
applications. The NWs showed a single crystal wurtzite phase structure and it was proven that their 24 
growth orientation, diameter and surface density can be controlled.  25 
 26 
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Materials and methods 1 
Fabrication of ZnO NWs by CBD 2 
Typically, 2” Silicon (1 0 0) wafers were cleaned in a piranha solution (3:1 sulphuric acid:hydrogen 3 
peroxide), rinsed under deionized (DI) water and finally dried in a nitrogen stream at room 4 
temperature. These substrates were then diced in different part to be analyzed separately to ensure 5 
the reproducibility of the results. A ZnO seed layer was then deposited on these substrates using a 6 
Cambridge Savannah S300 atomic layer deposition system. Diethylzinc (DEZ) and water were used as 7 
the zinc precursor and oxidant respectively under a constant stream of nitrogen (10 sccm) at a base 8 
pressure of 0.2 Torr. The conditions for the seed layer deposition for the different samples are shown 9 
in Table 1. ZnO NWs were grown from the ZnO seed layer by CBD at 90°C for 2 hours in a 25 mM 10 
equimolar aqueous solution containing zinc nitrate hexahydrate and hexamethylenetetramine. These 11 
conditions were maintained for all the samples. After the synthesis, the ZnO NWs were rinsed in DI 12 
water and dried under a nitrogen stream at room temperature. All the chemicals mentioned here 13 
were bought from Sigma-Aldrich and used without any further purification. 14 
 15 
Characterization 16 
The properties of the seed layers were characterized by X-ray reflectivity (XRR, Bede D1 High 17 
Resolution X-Ray Diffractometer, using a monochromated Cu Kα1 radiation (1.5406 Å)) and atomic 18 
force microscopy (AFM, Veeco Nanoman II). From AFM measurements, the topography, RMS 19 
roughness and seed density of the seed layers were obtained using the free software Gwyddion. X-ray 20 
photoelectron spectroscopy (XPS, Omicron DAR 400 X-ray source using an Mg anode and an Omicron 21 
EA 125 hemispherical analyser) studies were carried out to ensure the chemistry of the seed layers. 22 
ZnO NWs were analyzed by field emission scanning electron microscopy (FESEM, FEI Helios Nanolab 23 
600, 5 kV) to obtain their dimensions and density using the ImageJ software. Transmission electron 24 
microscopy (TEM, JEOL 2100F FEG, 100 kV) were carried out to determine the crystallography of the 25 
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as-grown NWs. For additional information regarding the characterization of the seed layers by AFM 1 
and NWs by FESEM, see Supporting Information.    2 
3 
Results and discussion 4 
Atomic layer deposition structural characterization and deposition parameters  5 
The seed layer texture, microstructure and crystallographic orientation are the crucial factors in 6 
determining the growth features of the ZnO NWs. In this work, topography refers to the physical 7 
features of the surface of the seed layer, i.e. the microstructure of the seed layer. For a typical ZnO 8 
seed layer, these features are formed by granular features of different sizes. The surface structure is 9 
characterized in terms of the conventional rms surface roughness (Rq) and seed density, defined as 10 
the surface density of significant peak features, mostly granular features in the seed layers here 11 
studied, arising from the seed layer, per square micrometre. This surface structuring of the seed layer 12 
presents regions that act as nucleation centres for the growth of the NWs.44 For seed layers with 13 
predominant (0 0 2) crystallographic orientation, that are textured, with a homogeneous 14 
microstructure and have low roughness, typical of a traditional ALD thin seed layer deposition close 15 
to the ALD regime, the NWs grow orthogonal to the substrate, see Figure 1a. However, an irregular 16 
surface microstructure or high surface roughness is expected from an ALD deposition that is closer to 17 
a CVD regime. The orientation of the as-grown NWs is more irregular with respect to the surface of 18 
the seed layer, as illustrated schematically in Figure 1b. It should be noted that we did not carry out 19 
any specific experiment to ascertain the specific nature (ALD or CVD) of the deposition regime. In this 20 
work, the microstructure of the seed layers was controlled to be different to that of the Si substrates 21 
used because it was found to be critical to the growth of ZnO NWs.  22 
 23 
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Figure 1. Schematic of vertically (a) and randomly oriented (b) as-grown NWs on a ZnO seed layer. 1 
 2 
The seed layer deposition parameters studied in this work were the deposition temperature, the 3 
pulse and purge times of the precursors and the number of ALD cycles. These parameters were 4 
systematically studied on different sample sets, detailed in Table 1. The chemical composition of the 5 
seed layers was determined by XPS, showing pure ZnO with a small carbon (C1s) contamination in 6 
form of (see Supporting Information for details). Each sample set contained at least three different 7 
specimens, which were systematically analyzed to ensure the consistency of the results. For simplicity, 8 
the term ‘sample’ is used throughout the manuscript instead of 'sample set'. The influence of each 9 
deposition parameter on the seed layer structure and texture on the growth of NWs is detailed in the 10 
following sections.  11 
 12 
Table 1. Summary of the sample sets studied and the associated atomic layer deposition parameters. 13 
Sample sets S1 S2 S3 S4 S5 S6 S7 S8 
DEZ pulse (s) 0.015 0.015 0.015 0.1 1 0.1 0.1 0.1 
DEZ purge (s) 20 15 5 5 5 5 5 7 
Water pulse (s) 0.015 0.015 0.015 0.1 0.1 0.1 0.1 0.1 
Water purge (s) 20 15 5 5 5 5 5 20 
Temperature (°C) 200 250 280 280 280 280 280 280 
N° cycles 250 250 250 250 250 150 500 250 
 14 
 15 
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ALD deposition temperature 1 
The effect of deposition temperature on the seed layer properties was investigated in samples S1, 2 
S2 and S3 (see Table 1). S1 and S2 were within the ALD temperature window45 (150-250°C), while S3 3 
was above it. The purge times for samples S2 and S3 were reduced to adapt to the higher temperature. 4 
It was shown by Pung et al.,46 that the deposition temperature controls the crystallography of the seed 5 
layer. Higher deposition temperatures (above 200°C) promote the (0 0 2) orientation as the dominant 6 
crystallographic orientation, which favors the growth of ZnO NWs orthogonal to the substrate. 280°C 7 
was selected as the deposition temperature for samples S4 to S8, which is the highest available 8 
deposition temperature on our ALD system, to ensure a predominant (0 0 2) orientation of the seed 9 
layers. The temperatures used for all samples in this work were above the 200°C threshold to ensure 10 
a predominant (0 0 2) oriented seed layer, as evidenced by the X-ray diffraction (XRD) data shown in 11 
Figure 2. Figure 2a compares the XRD spectra obtained for a ZnO seed layer and ZnO NWs. As expected 12 
from the seed layer deposition and NW growth conditions utilized, the XRD analysis shows that the 13 
NWs and the seed layers exhibit a (0 0 2) crystallographic orientation predominantly.  A detailed 14 
analysis of the (0 0 2) and adjacent peaks for different seed layers is shown in Figure 2b. It is 15 
demonstrated that the (0 0 2) orientation is the dominant feature at the different deposition 16 
conditions used. In turn, small (1 0 1) contributions are observed for S1, S2 and S7, where the most 17 
significant contribution (S7) is related to the increase of the thickness of the seed layer as reported by 18 
Tian et al.47, consistent with the increase in the number of cycles.  19 
 20 
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Figure 2. XRD spectra of a comparison between seed layer and NWs grown on it (a) and detail of the 1 
(0 0 2) peak for five different seed layers (b). 2 
 3 
The microstructure and topography of the ZnO seed layers as a function of deposition temperature 4 
were investigated with atomic force microscopy (AFM). AFM images and individual line profiles are 5 
shown in Figure 3, from which it is observed that a temperature increase from 200°C (S1, Figure 3a) 6 
to 250°C (S2, Figure 3b), yields a larger surface roughness. Increasing the temperature further to 280°C 7 
(S3, Figure 3c) resulted in a seed layer formed by ZnO islands with some randomly distributed ZnO 8 
granular features, in contrast to S1 and S2 that exhibited typical seed layers deposited with an ALD 9 
system. This resulted in a lower roughness (Figure 3d), which is attributed to the use of a lower pulse 10 
time for the precursors at this high temperature. As a result, a complete adsorption of the precursors 11 
on the substrate was not allowed due to partial decomposition of the zinc precursor, meaning that 12 
the ZnO formation reactions did not fully take place. The AFM line profiles show a clear difference in 13 
terms of granular features size and microstructure. The granular features size of S1 was larger than 14 
that of S2 and S3, represented by the larger peak width from the respective line profiles. The 15 
topography of S1 and S2 was similar, with defined peaks of a similar average height. However, for S3 16 
the peaks were narrower and lower. A comparison of the seed density as a function of deposition 17 
temperature is shown in Figure 3d, which indicates that a temperature of 250°C (S2, ~589 µm-2) led 18 
to a higher seed density compared to 200°C (S1, ~201 µm-2), characterized by smaller granular 19 
10 
 
features in the seed layer. However, further increasing the temperature to 280°C (S3, ~426 µm-2) 1 
resulted in a lower seed density as the seed layer was not a typical ZnO seed layer deposited using an 2 
ALD system. 3 
 4 
  
  
Figure 3. AFM micrographs and line profiles of (a) S1, (b) S2 and (c) S3, in which the temperature 5 
influence was studied. (d) Comparison of roughness values and seed density obtained from 6 
the AFM images.  7 
 8 
The high-resolution field emission scanning electron microscopy (FESEM) images of the as-grown 9 
ZnO NWs are shown in Figure 4a,b,c for the NWs grown on S1, S2 and S3 respectively. Information 10 
about the NW orientation with respect to the substrate normal of the NWs was assessed from the 11 
top-view SEM images by analysing the presence or lack thereof of the lateral faces of the NWs on the 12 
top-view SEM images. As such, if only the tips were visible, the NWs were essentially vertical, while 13 
11 
 
the presence of the lateral faces indicated NWs oriented away from the vertical orientation. 1 
Comparing S1 and S2 (Figure 4a,b), it was previously shown that the increase in deposition 2 
temperature from 200 to 250°C increased the seed layer roughness while maintaining a similar 3 
topography. This translated to a slightly more disoriented arrangement of the NWs grown on S2 4 
(250°C) compared to those grown on S1 (200°C). At the same time, the diameter of the NWs grown 5 
on S2 (22.8 nm) was less than half that of the NWs grown on S1 (55.5 nm) while the distribution of the 6 
NWs diameter grown on S1 (±10.1 nm) was notably larger than for those grown on S2 (±4.1 nm). This 7 
was correlated with a higher seed density for the higher temperature, S2, compared to S1 (Figure 3d). 8 
It is suggested that for higher seed densities, there will be a larger number of nucleation centres for 9 
NWs to grow, thus yielding a higher NW density. Additionally, a higher seed density implied smaller 10 
granular features size, which can also explain the difference in NW diameter between S1 and S2. 11 
Sample S3, prepared at 280°C, yielded NWs with a similar diameter (24.0 nm) to those in sample S2. 12 
However, the topography of this seed layer was not typical for ZnO seed layers deposited using an 13 
ALD system and the resultant orientation of the NWs grown was more variable than for S2. As a result, 14 
there was a two-fold decrease in the NW density from S2 (~327 µm-2) to S3 (~163 µm-2), as shown in 15 
Figure 4d. Meanwhile, due to the diameter of the NWs of S1 being more than double that of S2, the 16 
NW density was eight times smaller for S1 (~40 µm-2) than for S2. It is noted that the seed (Figure 3d) 17 
and nanowire (Figure 4d) density followed a similar trend, indicating that NW nucleation is dependent 18 
on the seed density. 19 
 20 
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Figure 4. SEM images of the effect of temperature on the growth of ZNO NWs for samples (a) S1, (b) 1 
S2 and (c) S3. (d) Comparison of the roughness and NW density of the three samples. 2 
 3 
Precursors pulse time 4 
The influence of precursor pulse time on the microstructure of the seed layers was investigated in 5 
samples S4 (Figure 5a) and S5 (Figure 5b), while Figure 5c shows a comparison between the surface 6 
roughness and seed density of S3, S4 and S5. The precursor dosing, controlled by the pulse time, is 7 
critical to control the saturation of bi-products on the surface48 and thus, the roughness and 8 
topography of the resulting seed layers. If the substrate is saturated with ethyl groups due to an excess 9 
amount of precursors (see Eq. 1), the chemisorption of DEZ is not self-limiting and deviates from an 10 
ideal ZnO seed layer deposition. This leads to undesired seed layer characteristics such as an irregular 11 
13 
 
microstructure or a non-stoichiometric seed layer composition. For sample S4 (Figure 5a), both pulse 1 
times were increased compared to S3, which yielded a typical ZnO seed layer with granular features 2 
of similar size. The roughness of this sample was high for a seed layer deposited using ALD (1.4 nm). 3 
For sample S5 (Figure 5b), only the pulse time of DEZ was increased. This led to a seed layer with lower 4 
surface roughness (0.4 nm) than S4 due to the DEZ over dosing (Figure 5c). Considering the topography 5 
of the seed layers, the line profile of S4 revealed larger granular features size compared to S5 while 6 
their topography was similar. Finally, it was shown that the seed density decreased significantly when 7 
the precursor pulse times were increased from 0.015 (S3) to 0.1 (S4) seconds (Figure 5c). This led to 8 
larger granular features. The seed density of S5 (~318 µm-2) increased compared to S4 (~135 µm-2). 9 
 10 
  
 
Figure 5. AFM micrographs and line profiles of samples (a) S4 and (b) S5 in which the influence of the 11 
precursors pulse time was studied. (c) Comparison of roughness values and seed density 12 
obtained from the AFM images for S3, S4 and S5.  13 
 14 
The effect of excess Zn precursor on the seed layer was corroborated by x-ray reflectivity (XRR) 15 
measurements, Figure 6, that shows the representative XRR spectra and best fitting model spectra for 16 
S4 (Figure 6a) and S5 (Figure 6b). Comparing the values of the density from the fits to the ideal density 17 
of ZnO, 5.61 g cm-3, shows that S4 (5.7 g cm-3) is similar, while S5 (7.5 g cm-3) is significantly larger than 18 
stoichiometric ZnO, an indication of higher Zn content in the seed layer. 19 
14 
 
 1 
  
Figure 6. X-ray reflectivity spectra obtained for seed layers (a) S4 and (b) S5 from the best-fitting seed 2 
layer density values. Black symbols show experimental data while red lines indicate the best 3 
fitting simulation obtained for the data. 4 
 5 
NWs grown on seed layers S4 and S5 are shown in Figure 7a and Figure 7b, while Figure 7c compared 6 
the NW diameter and density for the NWs grown on S3, S4 and S5. The NWs on S4 grew with random 7 
orientations, varying significantly from vertical due to the high surface roughness of the seed layer 8 
(1.4 nm). When comparing with S3, the random NW orientations combined with the larger size of the 9 
NWs led to a lower density of NWs. Finally, the size distribution for these NWs was large. The 10 
diameters of the NWs grown on S5 were smaller than those on S4 (27.0 nm and 49.4 nm respectively) 11 
as a result of a smaller granular features size of the seed layer and the NW density for S5 was increased 12 
compared to S4. Comparing the seed and NW density shows that both followed the same trend for 13 
the different precursor pulse times, indicating a relationship between nucleation of NWs and seed 14 
density. This means that the NW density increased from ~66 µm-2 to ~106 µm-2 for S4 and S5, 15 
respectively. 16 
 17 
15 
 
   
Figure 7. SEM images of the effect of the precursors pulse time on the growth of ZNO NWs for (a) S4 1 
and (b) S5. (c) Comparison of the roughness and NW density for S3, S4 and S5.  2 
 3 
Number of ALD deposition cycles 4 
The effect of the number of cycles was studied with samples S6 (Figure 8a) and S7 (Figure 8b), where 5 
a lower and higher number of deposition cycles respectively were used compared to S4 (Figure 5a). A 6 
comparison of the surface roughness and seed density between these samples is shown in Figure 8c. 7 
The thickness of the seed layer increases with the number of cycles. As shown by Chaaya et al.,49 the 8 
seed layer roughness rises with increasing thickness, which in turn increases the variability in the 9 
orientation of the as-grown NWs.14, 35 The AFM images show that these seed layers had a similar 10 
microstructure but quite different surface roughness, with a three-fold increase between S6 and S7. 11 
The roughness increased with the number of cycles, as shown in Figure 8c.  This effect was coupled 12 
with an increase in the granular features size as revealed by the line profiles. The line profiles also 13 
showed a significantly different microstructure, which was homogeneous for S6 but more irregular for 14 
S7. Both seed layers had defined peak features in their line profiles, indicative of granular features in 15 
the seed layer. However, the heights and widths of the peaks are different in scale. Considering the 16 
seed density (Figure 8c), it was shown that increasing the number of cycles led to a decrease of the 17 
seed density of more than half, with the values going from ~173 µm-2 for S6 to ~78 for S7 µm-2. This 18 
effect proved as well that a higher number of cycles is tied to larger granular features size, as a higher 19 
granular feature sizes will lead to a lower seed density. 20 
 21 
16 
 
  
 
Figure 8. AFM micrographs and line profiles of (a) S6 and (b) S7 in which the influence of the number 1 
of deposition cycles was studied. (c) Comparison of roughness values and seed density 2 
obtained from the AFM images.  3 
 4 
FESEM micrographs of the NWs grown on samples S6 and S7 are shown in Figure 8a,b respectively. 5 
A comparison of NW diameter and density between samples S4, S6 and S7 is shown in Figure 9c. There 6 
is a clear difference in the variation of orientations of the NWs between both samples. NWs grown on 7 
the seed layer with the lower number of cycles had more vertically orientated NWs and a small size 8 
distribution granted by the low surface roughness and adequate topography of the seed layer S6. In 9 
comparison, NWs grown on S7 had larger diameters (44.3 nm) than those in S6 (38.9 nm), resulting 10 
from the larger granular feature sizes, but similar to that of S4 (49.41 nm). The NWs grown on S7 were 11 
oriented at a wide range of angles as a result of the higher value of roughness and irregular topography 12 
resulting from increased the number of ALD deposition cycles. The NW density decreased as the 13 
number of cycles increased due to the surface roughness of the seed layers increased. This increased 14 
the randomness of the NW orientation, which decreased the density of NWs, lowering it from 80.1 15 
µm-2 for S6 to 41.5 µm-2 for S7. Comparing the influence of the number of ALD deposition cycles with 16 
the rest of the seed layer deposition parameters, it was demonstrated that this parameter enables a 17 
higher degree of control over the growth of the ZnO NWs. 18 
 19 
17 
 
   
Figure 9. SEM investigations of the effect of the number of ALD deposition cycles on the growth of 1 
ZNO NWs for (a) S6 and (b) S7. (c) Comparison of the roughness and NW density for S4, S6 2 
and S7.  3 
 4 
Precursor purge times 5 
The precursor purge times in the ALD process also have an important effect on the final properties 6 
of the seed layer deposited. Here the purge times were tuned for sample S8 while keeping the 7 
deposition temperature at 280ºC on the basis of the work of  Park et al.50 The purge time for DEZ does 8 
not critically modify the final properties of the seed layer and, thus, for a higher throughput, it is 9 
desirable to be kept as short as possible while being sufficient to allow complete chemisorption of the 10 
precursor (in the range of 3 to 20 seconds, depending on the deposition temperature). In contrast, the 11 
purge time of the oxidant is a critical factor. If it is too long, desorption will occur, hindering the growth 12 
of the atomic layers (desorption is promoted by temperature). However, if it is too short, the chemical 13 
reactions between oxidant and DEZ will not fully take place, leaving unreacted precursor on the seed 14 
layer. This sensitivity to the oxidant purge time means that it must be finely tuned according to the 15 
deposition temperature in order to avoid desorption and accumulation of unreacted precursors. 16 
Typical purge times vary from 5 to 30 seconds. The microstructure of sample S8 (Figure 10a) was 17 
similar to that of S4 and the parameters are compared in Table 2. The roughness of S8 was notably 18 
lower than S4, suggesting the seeding of a better vertical alignment of the NWs grown on S8 compared 19 
to S4. The line profile for S8 shows a regular topography and a seed density (~137 µm-2) similar to S4 20 
18 
 
(~135 µm-2). Thus, by tuning the purge times it is possible to control the roughness of the seed layers 1 
while maintaining other properties. 2 
 3 
 
 
Figure 10. (a) AFM micrograph and line profile of S8 in which the influence of the purge times was 4 
studied. (b) FESEM imaging of S8.  5 
 6 
The effect of tuning the purge time on the growth of NWs (sample S8) is shown in Figure 10b. The 7 
NWs obtained on this seed layer have a slightly smaller average diameter that those grown on S4 (49.4 8 
nm compared to 45.7 nm). However, the NW density of S8 (~98 µm-2) was notably higher than for S4 9 
(~66 µm-2), which is attributed to the lower surface roughness of the seed layer. This, in turn, explains 10 
the more uniform orientation of the NWs grown on S8, as opposed to those grown on S4, for which 11 
their alignment was varied.  12 
 13 
Table 2. Summary of the results obtained from AFM and FESEM analyses performed on samples S4 14 
and S8. The pulse and purge sequences for these samples is shown in Table 1. 15 
Sample Roughness (nm) NW diameter (nm) Seed density (µm-2) NW density (µm-2) 
S4 1.4 49.4 ±12.0 135.0 66.2 
S8 1.1 45.7±9.9 137.3 98.1 
 16 
 17 
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Relationship between seed layer microstructure and NW density  1 
Figure 11 shows the relationship between the seed density of the seed layers and the NW density. 2 
This shows an approximately linear relationship between the seed density of the seed layers and the 3 
NW density, indicating a relationship between the granular features of the seed layer and the 4 
nucleation of NWs. The slope of this linear fit is approximately 0.5, suggesting that half of the seeds 5 
of the seed layers serve as nucleation points for the NWs for the chemical bath deposition conditions 6 
used in this work. The explanation for this lies in the relation between seed density and lateral growth: 7 
the lower the seed density is, the less suppressed the lateral growth is, leading to larger NW diameters. 8 
Finally, as shown previously, larger NW diameters provide lower NW densities.  9 
 10 
 11 
Figure 11. Graph showing the direct relationship between seed density and NW density. 12 
 13 
Crystallography of the NWs 14 
The typical morphology and crystallinity of the as-grown NWs was studied by transmission electron 15 
microscopy (TEM), Figure 12. The NWs were detached from the Si substrate by scraping them to a 16 
copper TEM grid using IPA and a razor. Figure 12a shows an example of a high-resolution TEM (HRTEM) 17 
image of an as-grown NW, while the inset depicts the tip of the NW. The HRTEM shows the NWs were 18 
single crystalline and their preferred growth orientation was parallel to the [0 0 1]. A selected area 19 
electron diffraction (SAED) pattern of this NW is presented in Figure 12b. The diffraction pattern 20 
20 
 
combined with the HRTEM data clearly demonstrate that the as-grown NWs are single crystal wurtzite 1 
phase ZnO NWs. These results suggest that the crystallinity of our ZnO NWs are independent of the 2 
seed layer deposition parameters. Furthermore, the HRTEM data combined with SEM analysis 3 
demonstrated that the dimensions and orientations of these NWs can be fully controlled by fine-4 
tuning the seed layer deposition parameters. 5 
 6 
  
Figure 12. (a) HRTEM image of a ZnO NW and (b) the correspondent diffraction pattern. 7 
 8 
Conclusion 9 
Textured ZnO seed layers were deposited on Si (1 0 0) substrates using an ALD system to nucleate 10 
the growth of NWs via chemical bath deposition. The influence of the different seed layer deposition 11 
parameters (pulse and purge time, temperature and number of ALD deposition cycles) were 12 
systematically studied to understand the seed layer structural properties and its relationship with the 13 
morphology of the as-grown ZnO NWs. It was demonstrated that the seed layer texture and seed 14 
density can be controlled by tuning the seed layer deposition parameters and that the uniformity of 15 
the orientation of the NWs with respect to the substrate is dependent on the seed layer texture. 16 
Adjusting the number of ALD deposition cycles was proven to be the best way to control the roughness 17 
and seed size of the seed layers, thus enabling a higher degree of control over the NW size and 18 
orientation than the rest of the seed layer deposition parameters. A direct relationship between seed 19 
density and NW density was established, which suggests that approximately 50% of the granular 20 
21 
 
features of the studied seed layers served as nucleation centres for the NW growth with the chemical 1 
bath deposition conditions stablished in this work. Finally, it was demonstrated by HRTEM and SAED 2 
that the ZnO NWs exhibited a single crystal wurtzite phase.  3 
 4 
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